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RESEARCH MEMORANDUM 

AN INVESTIGATION OF THE AERODYNAMIC CHARACTERISTICS 

OF A SERIES OF CONE-CYLINDER CONFIGURATIONS 

AT A MACH NUMBER OF 6.86 

By Ralph D .  Cooper and Raymond A. Robinson 

SUMMARY 

The r e s u l t s  of pressure-dis t r ibut ion and f o r c e  tests of two series 
of cone-cylinder configurat ions i n  the  Langley 11-inch hypersonic tun- 
n e l  a t  a Mach number of 6.86 and a Reynolds number of 290,000 based on 
m a x i m u m  diameter are presented and compared with t h e o r e t i c a l  calcula-  
t ions .  
had 20 
t o  0, 2, and 4 diameters. 
cy l ind r i ca l  a f te rbodies  of length equal t o  4 diameters and conica l  noses 
wi th  apex angles varying from 10' t o  180'. 

The f i rs t  series consis ted of three configurat ions,  a l l  of which 
0 

b conical  noses and cy l ind r i ca l  a f te rbodies  wi th  lengths  equal 
The second series cons is ted  of models having 

* 

Pressure d i s t r i b u t i o n s  on the  longest 20' cone-cylinder conf igura- 
t i o n  were obtained a t  fou r  representat ive angles of a t t ack ,  Oo, 6.70, 
14O, and 20'. 
experimental r e s u l t s  were i n  very good agreement with t h e o r e t i c a l  calcu- 
l a t i o n s  based on t h e  Taylor-Maccoll theory f o r  t h e  conica l  por t ion  and 
on the  method of c h a r a c t e r i s t i c s  f o r  the c y l i n d r i c a l  port ion.  
low angles of a t t ack ,  experimental pressures on t h e  conica l  nose were i n  
s a t i s f a c t o r y  agreement with r e s u l t s  calculated according t o  the  conical-  
flow theo r i e s  of Stone and F e r r i .  
angles of a t t a c k  and on t h e  cy l ind r i ca l  afterbody throughout t h e  angle- 
of -a t tack  range t h e  hypersonic approximation of Grimminger, W i l l i a m s ,  
and Young s a t i s f a c t o r i l y  p red ic t s  the pressure d i s t r i b u t i o n s  on the  
windward side where the  theory i s  applicable.  Pressure d i s t r i b u t i o n s  
on the  c y l i n d r i c a l  afterbody can a l so  be s a t i s f a c t o r i l y  approximated, 
when the  conical-flow so lu t ion  i s  known, by extending t h i s  so lu t ion  
through a two-dimensional expansion t o  the  c y l i n d r i c a l  surface.  

I n  t h e  a x i a l l y  symmetric case (zero  angle of a t t ack )  

A t  t h e  

On the conica l  nose a t  t h e  higher  

u Force tes ts  of  t h e  th ree  configurations of t he  f i r s t  series were 
made a t  angles of a t t a c k  ranging from 0' t o  approximately 25'. 
sons between experiment and theory show t h a t  t he  drag a t  low angles  of 
a t t a c k  i s  accura te ly  pred ic ted  by F e r r i ' s  theory while the  l i f t  i s  

Compari- 

- 
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predicted with s l i g h t l y  less accuracy. 
Grimminger, W i l l i a m s ,  and Young gives accurate  drag r e s u l t s  throughout 
t h e  angle-of-attack range; however, t h e  lift, and consequently the  
l i f t -drag r a t i o ,  are s l i g h t l y  overestimated by t h i s  approximate theory.  
A s  indicated by theory, t h e  addi t ion  of t h e  cy l ind r i ca l  afterbody t o  
the  conical  nose r e s u l t e d  i n  a s ign i f i can t  increase i n  t h e  l i f t - d r a g  
r a t i o  of the  configurat ion.  

The hypersonic approximation of 

The tes t s  of t h e  second series of configurat ions,  t h a t  i s ,  those 
with varying conica l  apex angles i n  the  a x i a l l y  symmetric a t t i t u d e ,  
showed that  the  r e s u l t s  of t he  Taylor-Maccoll theory agreed with the  
experimental drag coe f f i c i en t s .  

INTRODUCTION 

Un t i l  very r ecen t ly  it has been necessary t o  use t h e  r e s u l t s  of 
t heo re t i ca l  s tud ies  of t h e  aerodynamic performance of  var ious configura- 
t i o n s  a t  high supersonic, o r  hypersonic, speeds without experimental 
ve r i f i ca t ion .  Therefore, af ter  the completion of  t he  ca l ib ra t ion  of 
t he  flow i n  a two-dimensional, s ing le-s tep  nozzle i n  the  Langley 11-inch 
hypersonic tunnel  ( re ference  l), a preliminary model-testing program 
was i n i t i a t e d  t o  obta in  experimental da ta  and evaluate  t h e o r e t i c a l  
r e s u l t s  a t  a Mach number o f  6.86, which i s  w e l l  beyond the  range o f  
previous inves t iga t ions  of a similar nature .  The f i r s t  p a r t  o f  t he  
t e s t i n g  program w a s  devoted t o  t h e  inves t iga t ion  of t h e  aerodynamic 
cha rac t e r i s t i c s  of severa l  square-plan-form wings ( re ference  2) while 
t h e  second p a r t ,  which i s  the  considerat ion of t he  present  paper, 
embodied tests of cone-cylinder configurat ions.  

This paper presents  t h e  r e s u l t s  of an inves t iga t ion  of two series 
of models. The f i r s t  series, which cons is ted  of t h ree  configurat ions 
having 20' conica l  noses and cy l ind r i ca l  a f te rbodies  wi th  lengths  equal 
t o  0, 2, and 4 diameters, w a s  tested i n  the  angle-of-attack range 
from 0' to about 25'. 
nodels having cy l ind r i ca l  a f te rbodies  with length  equal t o  4 diameters 
and conical noses with apex angles of  loo, 20°, 30°, 4 5 O ,  60°, 90°, 
and 180°, was tested only i n  the  a x i a l l y  symmetric a t t i t u d e .  

The second series, which cons is ted  of seven 

The aerodynamic c h a r a c t e r i s t i c s  of a l l  models were determined by 
force tes t s .  I n  addi t ion,  pressure d i s t r i b u t i o n s  a t  severa l  representa- 
t ive  angles of a t t ack  w e r e  obtained f'or a cone-cylinder configurat ion 
having a 20' apex angle and a 4-diameter afterbody length.  

I n  order  t o  evaluate  t h e  r e l a t i v e  accuracy and  the  range of applica- 
t i o n  of the  various theo r i e s  f o r  the flow over cones and cone-cylinders, 
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theory of F e r r i  ( re ference  3) and from t h e  cone theory of Stone (refer- 
ence 4) as tabula ted  by Kopal (reference 5 ) ;  a l so ,  t h e  hypersonic 
approximation of Grimminger, W i l l i a m s ,  and Young ( re ference  6) and t h e  
hypersonic approximation of Ivey and Morrissette ( re ference  7) . 
a x i a l l y  symmetric case t h e  r e s u l t s  from t h e  models with varying apex 
angles were compared wi th  r e s u l t s  from the  exac t  cone theory of Taylor 
and Maccoll ( re ference  8) . 

-* 

For t h e  

SYMBOLS 

A area of base of cone o r  cone-cylinder 

CD drag c o e f f i c i e n t  (D/qlA) 

l i f t  c o e f f i c i e n t  

pitching-moment coe f f i c i en t  measured about cone t i p  

cL 

Cm (Pitch;;; 

L 

cn l o c a l  normal-force coe f f i c i en t  normal t o  body a x i s  

C.P. 

D drag 

d is tance  from t i p  of cone t o  center of pressure,  body lengths  . 

L l i f t  

M Mach number 

d maximum diameter of model, 1.17 inches 

P s t a t i c  pressure 

9 dynamic pressure  

z dis tance  from apex of cone to a x i a l  s t a t i o n  

2 l ength  of c y l i n d r i c a l  afterbody 

t o t a l  l ength  of model l t  
b 

U angle of a t t a c k  between wind and body axes 

P r a d i a l  angle about body ax i s  measured from top of body 
* 
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P '  

e 

r a d i a l  angle r e f e r r e d  t o  wind a x i s  

included apex angle of cone 

Sub s c r i p t s  

b base 

C cone o r  conical nose 

CY c y l i n d r i c a l  afterbody 

max maximum 

1 free stream 

APPARATUS 

Wind Tunnel 

NACA FM L51J09 

The Langley 11-inch hypersonic tunnel  i n  which t h e  tests were con- 
ducted i s  of t he  in te rmi t ten t -opera t ion  type, u t i l i z i n g  both a high- 
pressure and a vacuum tank. 
dimensional, s ing le-s tep  nozzle which produces s u f f i c i e n t l y  uniform 
flow f o r  model  t e s t i n g  a t  
c e n t r a l  core of the  t e s t  sec t ion .  A small v a r i a t i o n  of Mach number with 
time, observed i n  c a l i b r a t i o n  t e s t s  of t h i s  nozzle, w a s  taken i n t o  con- 
s ide ra t ion  i n  the  reduction of t he  data obtained i n  the  present tests. 
A de ta i l ed  descr ip t ion  of t h e  tunnel and t h e  nozzle ca l ib ra t ion  can be 
found i n  references 1 and 9, respec t ive ly .  

This tunnel  i s  equipped with a two- 

M = 6.86 i n  an approximately 5-inch-square 

Models 

The f i rs t  series of models, which i s  shown i n  f i g u r e  1, cons is ted  
of th ree  configurations,  a l l  having i d e n t i c a l  con ica l  noses with apex 
angles o f  20' bu t  with c y l i n d r i c a l  a f t e rbod ies  of lengths  equal t o  0, 2, 
and 4 body diameters. 
a t  8 inches i n  order  t o  r e t a i n  the  model completely within the  uniform 
flow region of t he  t e s t  sec t ion  during t h e  high angle-of-attack tests.  
I n  order t o  ob ta in  reasonably l a rge  fo rces  which could be measured by 
ex i s t ing  strain-gage force  balances, r e l a t i v e l y  low fineness r a t i o s  
were selected.  A body diameter of 1.17 inches w a s  used f o r  a l l  con- 
f igu ra t ions  t e s t ed .  
bodies which, desp i t e  t h e i r  low f ineness  r a t i o s ,  were qu i t e  su i t ab le  

The maximum to ta l -conf igura t ion  length was f ixed  

Adherence t o  these  considerations r e s u l t e d  i n  
c 
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f o r  t h e  purposes of checking theo re t i ca l  ca lcu la t ions  and obtaining 
preliminary experimental design data. 

The second series of models, which i s  shown i n  figure 2, consis ted 
of seven cone-cylinder configurations having apex angles of loo, No, 
30°, 45O, 60°, 90°, and 180° and all having i d e n t i c a l  cy l ind r i ca l  after- 
bodies with a length-to-diameter r a t i o  of 4. 

An addi t iona l  model, dimensionally i d e n t i c a l  t o  the  model of t he  
f irst  series having a conical  nose with a 20’ apex angle and 
was equipped with ten pressure o r i f i c e s .  These o r i f i c e s  were i n s t a l l e d  
along t h e  generatr ix  o f  the  configuration, f i v e  on t h e  conical  nose, 
four  on the  cy l ind r i ca l  afterbody, and one on t h e  base.  The f i v e  
o r i f i c e s  on the  conical  surface and t h e  first o r i f i c e  after the corner 
on the  c y l i n d r i c a l  surface were 0.025 inch i n  diameter; t h e  remaining 
o r i f i c e s  w e r e  0.040 inch i n  diameter. 
t h a t  the  pressure l a g  would be as low as poss ib le  and the  o r i f i c e s  would 
s t i l l  be small enough so as not  t o  d i s tu rb  the  flow appreciably.  The 
pressure- tes t  model, together  w i t h  both the  base tube by which it w a s  
supported and through which the  pressure tubing passed and t h e  mechanism 
f o r  ad jus t ing  the  angle of a t tack ,  i s  shown i n  f i g u r e  3. The support 
from the  base of t h i s  model was 1/2 inch i n  diameter and the  base o r i f i c e  
was located midway between the side of t h e  support and the  s ide  of t he  
cyl inder .  

Z/d of 4, 

These o r i f i c e s  were chosen so 

A l l  models were machined from steel  and had pol ished surfaces .  

Instrumentat ion 

Two strain-gage force  balances were used during the  course of t h i s  
One w a s  employed a t  moderate and high angles of a t t ack  inves t iga t ion .  

and the  o ther ,  which was of much greater s e n s i t i v i t y ,  w a s  used i n  the  
low angle-of-attack range (up t o  about a = 8’) where the  forces  
encountered were r e l a t i v e l y  small. The former w a s  a three-component 
balance which d i r e c t l y  resolved the aerodynamic forces  encountered on 
the  model i n t o  l i f t  and drag forces.  This  balance w a s  equipped with a 
v a r i e t y  of shielded elbow-type adapters which permitted t h e  mounting o f  
models a t  d i f f e r e n t  angles of a t tack.  Unfortunately, the  s c a t t e r  of t h e  
data obtained with the pitching-moment component was so wide and e r r a t i c  
as t o  render it unusable. The t w o  elements of t he  moment-measuring com- 
ponent were loca ted  a t  widely separated pos i t ions  i n  the  balance and t h e  
uneven hea t ing  t o  which they were subjected during t h e  course of a t es t  
run r e su l t ed  i n  t h e i r  unsat isfactory performance. The elements of the  
l i f t  and drag measuring components were considerably c lose r  together  and, 
although they d id  not  e n t i r e l y  escape t h e  adverse heat ing e f f e c t s ,  t h e i r  
accuracy w a s  no t  se r ious ly  impaired thereby. The second balance used, 
the  two-component balance, was designed t o  be a l ined  with t h e  model axis 
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Pressure measurements were recorded by instruments i n  which t h e  
de f l ec t ion  o f  a meta l l ic  diaphragm i s  converted i n t o  the  r o t a t i o n  of a 
s m a l l  mirror. A beam of l i g h t  i s  r e f l e c t e d  from t h i s  mir ror  onto a 
s t r i p  of film moving a t  constant speed so  t h a t  t h e  t r a c e  thus  obtained 

p l e t e  description of these  pressure-recording devices i s  presented. 
, r ep resen t s  a time h i s t o r y  of t h e  pressure.  I n  re ference  9 a more com- 
~ 

so t h a t  t h e  fo rces  normal and p a r a l l e l  t o  t h e  model a x i s  were measured. 
These fo rce  balances are described i n  g rea t e r  detai l  i n  reference 2. 

I TESTING PROCEDURE 

To supplement t he  pressure  and fo rce  data recorded during t h e  tests,  
s ch l i e ren  photographs were obtained f o r  each tes t .  The sch l ie ren  system 
i s  described i n  reference 9. 
taken wi th  an exposure of s eve ra l  microseconds, a f e w  were taken with 
an exposure of l/l50 second. 

Although most of t h e  photographs were 

During the tests, t h e  tunnel  w a s  operated a t  a s tagnat ion  pressure 
of approximately 25.5 atmospheres and a stagnation temperature of 
approximately 1200' R .  With these  operating conditions,  t h e  Reynolds 
number p e r  foo t  of t h e  stream a t  t h e  t e s t  sec t ion  i s  2,930,000 and, 
consequently, the  c h a r a c t e r i s t i c  Reynolds number r e f e r r e d  t o  the  base 
diameter of t h e  models ( a  = 1.17 i n . )  i s  approximately 29O,OOO. 
length  of a t y p i c a l  tes t  var ied  from about 60 to 90 seconds. 
nozzle w a s  ca l ib ra t ed  a t  60 seconds from t h e  start  of t h e  run, only 
data obtained at 60 seconds after t h e  s tar t  of t he  t e s t  were used, i n  
order  t o  diminish t h e  e f f e c t s  of a small Mach number v a r i a t i o n  with t i m e .  

The 
Since t h e  

Except f o r  the case of zero angle of a t t ack ,  t h e  pressure  d i s t r i b u -  
t i o n  over t h e  pressure model a t  a given angle of a t t a c k  w a s  determined 
i n  a series of seven successive runs. For each run i n  a series, t h e  
genera t r ix  containing t h e  pressure  o r i f i c e s  w a s  r o t a t e d  30' from i t s  
previous pos i t ion  while t he  angle of a t t a c k  w a s  maintained cons tan t .  
I n  t h i s  manner pressure d i s t r i b u t i o n s  a t  radial pos i t i ons  corresponding 
t o  p = Oo, 30*, 60°, 90°, 120' 150°, and 180' were obtained f o r  t he  
th ree  angles o f  a t t ack ,  a = 6.76, 14O, and 20'. 

Force measurements f o r  t he  models of t h e  f i rs t  series were obtained 
a t  i n t e r v a l s  of about 3' o r  4' throughout t h e  e n t i r e  range of 
from 0' t o  approximately 25'. 

a 
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ACCURACY OF THE DATA 

CL 

7 

Error  CD Error 

Pressure da ta  w e r e  recorded with instrumenus which are accurate  t o  
within about kO.5 percent of t he  upper l i m i t  of t h e i r  operat ing range. 
Since it w a s  usual ly  not possible  t o  use the  instruments i n  t h i s  favor- 
able range, the  accuracy of most of the  pressure data i s  r e s t r i c t e d  t o  
approximately fl.O percent.  

0.49 
.61 
.85 

1.22 

The absolute e r r o r  i n  the determination of the  free-stream Mach num- 
b e r  i n  the  cen t r a l  port ion of the test sect ion i s  about S.04, as i s  
shown by the  ca l ib ra t ion  curves presented i n  reference 1. 

3.042 0.24 W.020 
f.046 .37 ~ 0 2 7  
k.054 .49 k.029 
k.067 .61 L O 3 3  

These e r r o r s  i n  Mach number and i n  pressure determination combine 
t o  give a possible  e r r o r  of about k5 percent i n  the  ca lcu la t ion  of 
and CD f r o m  pressure d is t r ibu t ions ;  however, t he  a c t u a l  accuracy 
r ea l i zed  i s  considerably b e t t e r ,  so t h a t  +3 percent i s  a reasonable 
estimate of the  e r r o r .  

CL 

The two-component balance i s  accurate t o  within about fG.025 pound 
i n  normal force  and L-O.005 pound i n  a x i a l  force.  
from only 0 t o  1 pound i n  axial force,  t he  use of t h i s  balance was 
l imi ted  t o  angles of a t t a c k  of approximately 7.5' o r  less. 
angles of a t tack ,  the  three-component balance, accurate  t o  within 
N.1 pound i n  l i f t  force  and kO.05 pound i n  drag force ,  w a s  used. 
Combining these e r r o r s  i n  force  measurement with those assoc ia ted  with 
the  determination of free-stream Mach number and pressure y i e l d s  the  
possible  e r r o r s  i n  l i f t  and drag coef f ic ien ts  shown i n  the  following 
tables : 

Since i t s  range w a s  

For l a r g e r  

Two-Component Balance 

f.O1O 

k.019 

k.006 
k . 008 

L I I 

Three-Component Balance 

I I I I 

Again, t h e  accuracy r ea l i zed  by the force  tests is b e t t e r  than i s  indi-  
cated by the  possible-error  values, so t h a t  e r r o r s  g rea t e r  than about 
one-half of those shown i n  the  preceding t ab le s  were seldom encountered. 

I n  addi t ion,  the  angle of a t tack  a t  which the  force  measurements 
were obtained was detgrmined f r o m  schl ieren photographs with an accuracy 
of approximately f0.2 . 
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THEORETICAL CONSIDERATIONS 

Exact Solution f o r  Axially Symmetric Case 

The complete so lu t ion  f o r  t he  p o t e n t i a l  flow f i e l d  about an i n f i -  
n i t e  cone i n  an a x i a l l y  symmetric supersonic stream has been determined 
by Taylor and Maccoll ( re ference  8) and evaluated and tabula ted  i n  
g rea t  d e t a i l  by t h e  computing staff of t h e  Massachusetts I n s t i t u t e  of 
Technology ( re ference  10) . The Taylor-Maccoll so lu t ion  has been used 
cver t he  conical nose, and the  flow f i e l d  about t he  c y l i n d r i c a l  after- 
body has been computed by the  method of c h a r a c t e r i s t i c s  f o r  three- 
dimensional phenomena ( re ference  11) . 

Nonlinear Solution f o r  Inc l ined  Cones 

Both f irst-  and second-order nonlinear so lu t ions  t o  the  problem of 
supersonic f l o w  about inc l ined  canes have been developed by Stone 
( re ference  4 ) .  
of t he  various parameters of t he  flow, t h a t  is ,  t he  th ree  components of 
ve loc i ty ,  the pressure,  and the  density,  can be represented by 8 Four ie r  
expansion. 
permits a t y p i c a l  flow parameter t o  be expressed i n  the  form 

I n  t h e  der iva t ion  of t h i s  work, Stone shows t h a t  each 

Consideration of t h e  boundary conditions of t h e  problem 

a = a + ab1 cos B '  + a2(c, + c2 cos 2 p 3  - 
where 2 designates the  a x i a l l y  symmetric value of t h e  parameter, 
a t he  angle of a t t ack ,  P '  t he  coordinate angle with respec t  t o  the  
wind ax i s ,  and b l ,  co, and c2 t h e  appropriate Four ie r  c o e f f i c i e n t s .  
( I n  the  case of t h e  t angen t i a l  component of t h e  c ross  flow, t h e  cosines 
a re  replaced by s ines  as d i c t a t e d  by considerations of symmetry.) 

A s  i n  t h e  case of t he  Taylor-Maccoll so lu t ion  f o r  a x i a l l y  symmetric 
conica l  f l o w ,  the  computing staff of M. I .T .  under t h e  d i r e c t i o n  of Kopal 
has performed much of t h e  numerical ca l cu la t ions  requi red  f o r  t he  app l i -  
ca t ion  of t h i s  theory and t he  r e s u l t s  have been published i n  two volumes 
( re ferences  5 and 12 ) .  
with t h e  terms of second order  are of such a lengthy and complex na ture  
t h a t  a t  the present  t i m e  values corresponding t o  Mach numbers up t o  4 
only are available;  consequently, it was p r a c t i c a l  t o  include i n  t h i s  
inves t iga t ion  the  r e s u l t s  of the  f i r s t - o r d e r  so lu t ion  only. 
of t h i s  theory a r e  he re ina f t e r  r e fe r r ed  t o  as the  Stone-Kopal theory. 

However, t he  numerical ca l cu la t ions  a s soc ia t ed  

The r e s u l t s  

I t  may be pointed out  t h a t  t h e  r a d i a l  angles 8 '  and p r e f e r r e d  
t o  t he  wind and body axes, respec t ive ly ,  are i d e n t i c a l  t o  the  f i r s t  
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/ 
order i n  a. Consequently, i n  the  application of t h i s  f i r s t - o r d e r  
theory it i s  not necessary t o  transform from t h e  wind ax i s ,  i n  which 
the  so lu t ion  i s  obtained, t o  the  body axis. 
a t t a c k  approaches the  semiapex angle of t h e  cone, t h e  f i r s t - o r d e r  
equivalence between the  r a d i a l  angles i n  t h e  two coordinate systems 
depa r t s  very severely from t h e i r  exact r e l a t ionsh ip ,  i nd ica t ing  t h a t  
s i g n i f i c a n t  r e s u l t s  should not be expected from the  f i r s t - o r d e r  theory 
as a approaches 8/2. For a cone with 10' semiapex angle i n  a flow 
a t  M = 6.86, t h i s  f i r s t - o r d e r  theory appl ied  a t  angles of a t t a c k  
above 8.5' y i e l d s  negative pressure  r a t i o s  on t h e  upper surface.)  

(However, as t h e  angle of 

Another f i r s t - o r d e r  so lu t ion  t o  the  problem of supersonic flows 
about i nc l ined  cones has been developed by F e r r i  ( re ference  3) . 
Although t h i s  so lu t ion  i s  very s imi l a r  t o  t h a t  of Stone, t he re  are two 
fundamental d i f fe rences .  
bution i n  t h e  flow f ie ld  about t h e  cone. I n  con t r a s t  t o  t h e  d i s t r i b u -  
t i o n  assumed by Stone, which varies throughout t he  e n t i r e  flow f i e l d  
behind the  shock, F e r r i  shows t h a t  on t h e  surface of t h e  cone t h e  
entropy i s  constant,  although it does vary throughout t h e  remainder of 
t he  f i e l d .  To s a t i s f y  t h i s  condition of constant entropy on t h e  cone 
surface,  t h e  concept of a t h i n  v o r t i c a l  l a y e r  a t  t h e  cone surface 
through which the re  i s  a l a r g e  entropy gradien t  w a s  introduced. 
second fundamental d i f fe rence  between these  theo r i e s  i s  t h a t  F e r r i  has 
used a coordinate system r e f e r r e d  t o  the  cone axis i n  obta in ing  h i s  
so lu t ion .  Nevertheless, it i s  of i n t e r e s t  t o  note t h a t  t he  parameters 
which are necessary f o r  t he  appl ica t ion  of F e r r i ' s  theory can be de t e r -  
mined from the  M.I.T. t abula ted  r e s u l t s  of S tone ' s  theory, i f  due regard 
be given t o  the  change i n  coordinate system. 

F i r s t ,  F e r r i  i nves t iga t e s  t h e  entropy dis t r i -  

The 

These theo r i e s  are used i n  place of t he  conventional l i nea r i zed  
theo r i e s  of flow about i nc l ined  cones such as t h a t  of Tsien (refer- 
ence 13), s ince  the  nature of t he  l i nea r i zed  so lu t ions  r e s t r i c t s  t h e i r  
appl ica t ion  t o  cones having semiapex angles smaller than t h e  h c h  angle 
of t he  undisturbed stream. r\ . . 

Solu t ion  f o r  Flow on Cyl indr ica l  Afterbody of Cone-Cylinder 

Configuration a t  Angles of Attack . L -  
- 

When the  so lu t ion  t o  the  problem of flow over &e inc l ined  cone & 
23 - .  

known, a f i rs t  approximation t o  the pressure d is t r$but ions  on t h e  d i n -  
d r i c a l  afterbody of a cone-cylinder configuration & angles of a t t a a  
can be made by an extension of t h e  conical f1oQ so lu t ion .  
s ion  merely requi res  t h a t  the  conical flow be kiven a two-dimensional 
Prandtl-Meyer expansion equivalent t o  t h e  semiapex angle of t h e  cone. 
The sssumption i s  made t h a t  t h e  pressure thus obtained w i l l  r emdn  con- 
s t a n t  along the  e n t i r e  length of t h e  c y l i n d r i c a l  afterbody. 

This  exeen- 

F o r - t h e  
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case of t h e  cone-cylinder configuration i n  a x i a l l y  symmetric i nv i sc id  
flow, it can be shown t h a t  t h e  two-dimensional Prandtl-Meyer expansion 
j u s t  described i s  indeed v a l i d  immediately behind t h e  juncture of cone 
and cy l inder  and t h a t  t he rea f t e r ,  progressing downstream, the  pressure 
approaches t h e  free-stream value asymptotically. Furthermore, t h e  
asymptotic approach t o  free-stream pressure  i s  very gradual a t  high 
Mach numbers. For a cone-cylinder configuration with a 20' conica l  
nose i n  a flow where M = 6.86, t h e  r a t i o  of surface t o  stream pres- 

can be shown t h e o r e t i c a l l y  t o  change from 0.71 j u s t  behind sure  

t h e  junction of  t h e  cone and cy l inder  t o  0.83 a t  a po in t  4 diameters 
downstream of the  junction. Although t h i s  chaoge i s  not  negl ig ib le ,  
t h e  assumption of a constant surface pressure along a given r a d i a l  sta- 
t i o n  on t h e  c y l i n d r i c a l  por t ion  of a cone-cylinder configuration a t  a 
given angle of a t t a c k  does serve as a use fu l  f irst  approximation. 

p c y p 1  

Changes i n  pressure due t o  separa t ion  behind t h e  cone-cylinder 
juncture have very l i t t l e  e f f e c t  on t h e  ove r -a l l  c h a r a c t e r i s t i c s  of t h e  
model, s ince  i n  general  t h e  low-pressure side cont r ibu tes  b u t  l i t t l e  t o  
t h e  t o t a l  forces.  Also, it is i n t e r e s t i n g  t o  note t h e  variance between 
t h e  low pressures  on the  lee side of a cy l inder  a t  hypersonic speeds 
and the high pressures  pred ic ted  a t  lower speeds by theo r i e s  based on 
t h e  cross-flow concept. 

Hypersonic Approximation 

Grimminger, W i l l i a m s ,  and Young ( re ference  6 )  present  a hypersonic 
approximation t o  the  fo rces  encountered on an inc l ined  body of revolu- 
t i o n .  This approximation i s  based on t h e  Newtonian corpuscular theory 
of aerodynamics and, as i t s  nomenclature implies, i s  designed f o r  
appl ica t ion  a t  very high Mach numbers ( g r e a t e r  than 10 o r  15). This 
theory does not  p r e d i c t  p ressures  on t h a t  por t ion  of t he  body shielded 
from the free a i r  stream; however, by means of an assumption f o r  t h e  
pressure i n  t he  shielded region, it can be employed a t  lower Mach num- 
b e r s  f o r  f i r s t  estimates, although t h e  phys ica l  conditions of the  prob- 
l e m  no longer conform t o  the  i n i t i a l  assumptions. The r e s u l t s  of t h i s  
theory are presented i n  two forms: t h e  first considers only the  simple 
impact forces  encountered by t h e  body, and t h e  second includes the  more 
complex pressure- re l iev ing  effect  afforded by t h e  cen t r i fuga l  fo rces  
which a re  introduced by t h e  a i r  flow over the  curved surface of  t h e  
body. I n  the  der iva t ion  of t h e  e f f e c t s  of the c e n t r i f u g a l  fo rces  on 
t h e  pressure, f i v e  r e l a t i o n s  are developed f o r  determining t h e  e f f e c t i v e  
ve loc i ty  d i s t r i b u t i o n  over t h e  surface.  The f i f t h  r e l a t i o n  has been 
used i n  t he  present  paper i n  t h e  t h e o r e t i c a l  ca l cu la t ions  r e f e r r e d  t o  
as ''Grimminger's hypersonic approximation including c e n t r i f u g a l  e f f e c t s . "  

Ivey and Morr i sse t te  ( re ference  7) a l s o  present  an approximate 
theory f o r  appl ica t ion  a t  very high supersonic speeds which, however, 
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. 
i s  appl icable  only t o  the  cy l ind r i ca l  port ions of bodies.  
shown t h a t  Grimminger's hypersonic approximation using case 4 f o r  the 
cen t r i fuga l  e f f e c t s  i s  i d e n t i c a l  t o  Ivey's. 

It can be 

RESULTS AKD DISCUSSION 

Pressure Distr ibut ions 

A s  previously indicated,  surface pressure d i s t r i b u t i o n s  were 
obtained only f o r  t h e  configuration consisting of a 20' conical  nose 
and a cy l ind r i ca l  afterbody having a length-*-diameter r a t i o  of 4. 

Axially symmetric case.- I n  f igure 4, t he  r a t i o  of surface pres-  
sure on the  body t o  stream pressure i s  presented as a funct ion 
of axial s t a t i o n  z / l t  and compared with theo re t i ca l  ca lcu la t ions .  
Measurements were made a t  two angular pos i t ions  l3 = 0' and P = 90' 
with the configuration i n  t h e  a x i a l l y  symmetric a t t i t u d e  ( t h a t  is ,  
a = 0').  
mine the  t h e o r e t i c a l  curve f o r  the conical nose, and t h i s  solut ion w a s  
extended by the  c h a r a c t e r i s t i c s  method including r o t a t i o n a l  e f f e c t s  t o  
obtain the  t h e o r e t i c a l  curve f o r  the cy l indr ica l  afterbody. 

p/pl 

The r e s u l t s  of t he  Taylor-Maccoll so lu t ion  were used t o  deter-  

I n  general, t he  agreement be tween experimental da t a  and theo re t i ca l  
ca lcu la t ions  i s  good. There is, however, a small d i f fe rence  between 
the  experimental da ta  obtained a t  t h e  two angular pos i t ions ,  which i s  
a t t r i b u t e d  t o  a s m a l l  e r r o r  i n  a l in ing  t h e  model with t h e  flow on the  
two successive runs made t o  obtain the data .  The s l i g h t  deviat ion of 
the  pressure of t he  fo repa r t  of the conical nose i s  considered t o  be 
the  r e s u l t  of (1) s m a l l  surface irregularities which were incurred i n  
machining operations and whose e f f e c t  i s  accentuated a t  t he  t i p  where 
the  imperfections become r e l a t i v e l y  large i n  comparison t o  t h e  l o c a l  
rad ius  and (2) boundary-layer e f f e c t s .  
and experiment t h a t  appears i n  the region of  the  cone-cylinder junction 
( z / 2 t  = 0.410) i s  a t t r i b u t e d  a l so  t o  the boundary layer ,  which, i n  
e f f e c t ,  changes the  geometric shape of the  body; thus,  r a t h e r  than 
experiencing the  t h e o r e t i c a l  "instantaneous'' expansion a t  t h e  corner,  
t h e  flow undergoes a comparatively gradual expansion which o r ig ina t e s  
s l i g h t l y  ahead of t he  geometric corner and i s  completed a t  a poin t  con- 
s iderably  downstream from it. 
and although no attempt was made during t h e  course of the  inves t iga t ion  
t o  obta in  experimental ve r i f i ca t ion ,  it i s  l i k e l y  t h a t  the  s t i n g  exe r t s  
a s ign i f i can t  influence on the  base-pressure measurements. 

The discrepancy between theory 

Base-pressure measurements were made, 

Conical nose a t  angles of a t tack . -  Experimental and t h e o r e t i c a l  
pressure d i s t r ibu t ions  on the  surface o f  t he  conical  nose a re  shown i n  

Y f igu re  5 i n  the  form of  the  r a t i o  p p1 a s  a funct ion of angular 
C I  
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pos i t ion  j3 f o r  t h ree  angles of a t tack :  6.70, 14O, and 20'. For a l l  
t h ree  angles of a t t ack ,  t h e  experimental data e x h i b i t  a s l i g h t  var ia -  
t i o n  with axial s t a t i o n  which i s  a t t r i b u t e d  p a r t l y  t o  normal da t a  sca t -  
ter  and p a r t l y  t o  boundary-layer influence.  I n  addi t ion ,  t h e  pressures 
recorded a t  s t a t i o n  0.060 are cons i s t en t ly  high on t h e  upper por t ion  of 
t he  cone and low on t h e  under por t ion  i n  comparison with pressures 
measured a t  t h e  o the r  axial  s t a t ions .  This  devia t ion  of the  pressure 
a t  t h e  foremost a x i a l  s t a t i o n  i s  considered t o  be due t o  the  physical 
imperfections of the  conics1 t i p  and t o  the  influence of t he  boundary 
l aye r ,  both of which e f f e c t s  a r e  magnified near t he  apex because of t he  
small radius of revolution. 

Figure 5(a) shows t h a t  a t  a = 6.70 F e r r i ' s  theory i s  i n  very good 
agreement with experiment, although the re  i s  a s l i g h t  overestimation of 
t h e  pressure on t h e  upper por t ion  of t h e  c0ne.l 
Kopal, while agreeing favorably with experiment a t  angular pos i t i ons  
on the  s ide  of t he  cone, i s  appreciably low on both  t h e  upper and lower 
surfaces of t h e  cone. Grimminger's hypersonic approximation neglecting 
cen t r i fuga l  fo rces  has a tendency t o  be s l i g h t l y  low i n  comparison with 
experiment f o r  a l l  angular pos i t ions ;  t h e  l a r g e s t  divergence, however, 
occurs on t h e  upper surface.  
encountered on conica l  and ogiva l  noses, as presented i n  reference 6, 
ind ica tes  t h a t  t h e  pressure- re l iev ing  e f f e c t  of cen t r i fuga l  forces  on 
such configurations i s  very small so t h a t  t h e  pressures  can be satis-  
f a c t o r i l y  approximated by t h e  Newtonian (impact force)  method. 
quently, only the  r e s u l t s  of t he  l a t te r  method, i n  which cen t r i fuga l  
fo rces  a re  not included, are presented f o r  t h e  conica l  nose i n  the  
present  paper. Nevertheless, it i s  of i n t e r e s t  t o  note t h a t  t h e  inc lu -  
s ion  of t h e  c e n t r i f u g a l  e f f e c t ,  however s m a l l ,  would augment the  d i s -  
crepancy between theory and experiment. 

The theory of Stone- 

The ana lys i s  of t h e  pressure fo rces  

Conse- 

I n  f i g u r e  5 ( b ) ,  t h e  appl ica t ion  of F e r r i ' s  theory t o  the  de te r -  
mination of t h e  pressure  d i s t r i b u t i o n  a t  
ably with experiment except on the  upper sur face  where t h e  theory pre-  
d i c t s  h i g h e r  p ressures  than a r e  obtained experimentally. Because t h i s  
angle of  a t t a c k  i s  comparatively l a rge  f o r  a f i r s t - o r d e r  theory, t he  
agreement between theory and experiment i s  an ind ica t ion  t h a t  i n  conica l  
flow at moderate angles of a t t ack ,  higher-order e f f e c t s  are r e l a t i v e l y  
s m a l l  a t  t h i s  Mach number. 
t h e  r e s u l t s  from Grimminger's hypersonic approximation neglecting cen- 
t r i f u g a l  fo rces  a r e  i n  good agreement with experimental r e s u l t s .  

a = 14' again compares favor- 

Over the  region i n  which it can be applied,  

IIt may be noted t h a t  t he re  i s  a d i f fe rence  between the  t h e o r e t i c a l  

This i s  
curves presented i n  t h i s  paper and those presented i n  F e r r i ' s  work 
(reference 3) f o r  t he  same Mach number and model configuration. 
due t o  the high s e n s i t i v i t y  of t he  ca l cu la t ions  t o  small va r i a t ions  i n  
the  i n i t i a l  values obtained from Kopal's t a b l e  ( re ference  5 )  and i n  t h e  
entropy determination. 
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I n  figure 5 (c ) ,  F e r r i ' s  theory has been presented so t h a t  some 
estimate of the  higher-order e f f ec t s  a t  t h i s  high angle of a t t a c k  
(a = 20') could be made. While these e f f e c t s  are by no means negl ig ib le  
here ,  it i s  seen t h a t  t he  f i r s t -o rde r  theory may s t i l l  be employed t o  
determine an approximation t o  t h e  pressure d i s t r ibu t ion .  A s  i n  t he  case 
of a = 14O, Grimminger ' s hypersonic approximation neglect ing cent r i fu-  
g a l  e f f e c t s  i s  i n  good agreement with experiment over t he  r a d i a l  posi-  
t i o n s  f o r  which it is  applicable-. 

Cyl indrical  afterbody a t  angles of a t tack.-  Pressure d i s t r ibu t ions  
on the  cy l ind r i ca l  afterbody of the configuration with the  20' conical  
nose a t  three  angles of a t t ack  a r e  presented and compared with theory 
i n  figure 6. The boundary-layer e f f ec t ,  which prevents t h e  expansion 
from occurring instantaneously a t  the  cone-cylinder junction, appears 
a t  a l l  angles of a t t ack  with the  r e s u l t  t h a t  pressures  measured a t  sta- 
t i o n  0.430 are s ign i f i can t ly  higher than those obtained a t  the  o ther  
s t a t ions .  

0 Figure 6(a) shows t h a t  at a = 6.7 the  extension of F e r r i ' s  
cone theory by considering the  flow t o  undergo a two-dimensional expan- 
s ion from the conical  surface t o  the cy l ind r i ca l  surface gives very good 
agreement with theory except over the upper por t ion  of t he  cylinder,  
s ince the  t h e o r e t i c a l  ca lcu la t ions  considerably underestimate experi-  
mental values on the  upper port ion of t h e  cone. 
approximation neglecting cent r i fuga l  e f f e c t s  i s  i n  f a i r  agreement with 
experiment except a t  the s ide  and bottom pos i t ions .  
cen t r i fuga l  e f f e c t s  improves the  agreement over most of t h e  lower por- 
t i o n  of the  cyl inder  bu t  does no t  a l t e r  t he  discrepancy a t  the  side o r  
bottom. The cen t r i fuga l  forces  as t r e a t e d  i n  Ivey ' s  hypersonic approxi- 
mation c l e a r l y  overestimate the  pressure-rel ieving e f f e c t  a t  t h i s  angle 
of a t t a c k  and Mach number. The r e s u l t  i s  a t h e o r e t i c a l  pressure predic- 
t i o n  which decreases too rap id ly  from a pressure equal t o  t h a t  obtained 
by Grimminger's approximation a t  the bottom pos i t i on  (p = 180~) t o  a 
pressure t h a t  i s  much too low along the  s ides  of t he  cyl inder .  

Grimminger's hypersonic 

Inclusion of t he  

0 A t  a = 14 , as shown i n  f igure 6 ( b ) ,  t he  extension of F e r r i ' s  
cone theory, although s l i g h t l y  low, s t i l l  gives a favorable agreement 
with experiment. Grimminger ' s  hypersonic approximation neglect ing cen- 
t r i f u g a l  forces  i s  considerably higher than experiment, p a r t i c u l a r l y  a t  
t h e  bottom of  t he  cyl inder  ( p  = 180'). 
t r i f u g a l  forces  somewhat improves the  agreement between theory and 
experiment; however, as the cent r i fuga l  forces  have no e f f e c t  on t h e  
pressure a t  
Again, it i s  observed t h a t  Ivey ' s  hypersonic approximation overestimates 
t h e  e f f e c t  of  t he  cen t r i fuga l  forces .  

Including the  e f f e c t  of t he  cen- 

f3 = 180°, the  r a t h e r  poor agreement the re  remains unal tered.  

Figure 6 (c )  shows e s sen t i a l ly  the  same comparison between theory 
and experiment a t  a = 20° as was obtained a t  a = 14'. Since a t  high 
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angles of a t tack,  a s  expected, F e r r i ' s  cone theory gives poor r e s u l t s ,  
t he  extension of t h i s  theory t o  the  cy l ind r i ca l  surface a t  
gives extremely poor agreement and i s  therefore  not  presented i n  the  
figure. 

a = 20° 

Model base.-  I n  f i g u r e  7, experimental pressures  measured on the  
base of the cone-cylinder configuration a t  four  angles of a t t ack  a re  
shown. A t  both a = 6.7' and a = 14' t he  base-pressure d i s t r ibu t ion  
i s  e s s e n t i a l l y  constant a t  approximately 0.23, while a t  
there  appears t o  be a low-amplitude s inusoidal  va r i a t ion  about an aver- 
age pressure_ra t io  of  0.7. The pressures  obtained a t  two angular posi-  
t i ons  p = 0" and p = 90" f o r  a = 0" indica te  t h a t  i n  t h i s  case 
a l so  there  i s  a s m a l l  va r i a t ion  of t he  r a d i a l  pressure d i s t r ibu t ion .  

a = 20' 

Figure 8 shows the  var ia t ion  of the averaged base-pressure data  
with angle of  a t tack .  This var ia t ion  of  base pressure on a s t ing-  
supported cone-cylinder configuration i n  wind-tunnel tests cons t i t u t e s  
a r a the r  complex problem which, although of g rea t  i n t e r e s t  both theoret-  
i c a l l y  and p rac t i ca l ly ,  w a s  considered t o  be beyond the  scope of  t he  
present  invest igat ion.  

Aerodynamic Forces 

Local normal force . -  The a x i a l  va r i a t ion  of the  l o c a l  normal-force 
coe f f i c i en t  c, f o r  the  20' cone-cylinder configuration i s  presented 
i n  f igu re  9 as obtained from pressure measurements and r e fe r r ed  t o  the  
base area.  The l i n e a r  var ia t ion  of Cn on the  conical  nose is main- 
ta ined  f o r  a l l  th ree  angles of a t tack ;  the  small va r i a t ion  from l i n e a r i t y  
observed a t  s t a t i o n  0.06 i s  a r e s u l t  of t he  imperfect '  t i p  and of 
boundary-layer e f f e c t s ,  as previously mentioned i n  the  discussion of 
pressure d i s t r ibu t ions .  On the cy l ind r i ca l  afterbody, an almost con- 
s t a n t  cn i s  obtained except a t  s t a t i o n  0.434, where boundary-layer 
e f f e c t s  most severely al ter the pressure d i s t r ibu t ion .  It should be 
emphasized t h a t  t h i s  constancy of cn along the  c y l i n d r i c a l  port ion i s  
a cha rac t e r i s t i c  only of very high speed flows and i s  not  obtained a t  
low supersonic Mach numbers. 

A t  a = 6.7', t h e  in tegra t ion  of t he  conical-nose pressure dis- 
t r i b u t i o n  obtained by F e r r i ' s  theory y i e lds  l o c a l  normal coe f f i c i en t s  
s l i g h t l y  lower than the  experimental r e s u l t s .  
ure ?(a) shows t h a t  t h i s  theory overestimates t h e  pressures  on the  upper 
surface of the cone and the reduction i n  normal force  i s  a d i r e c t  con- 
sequence of t h i s  discrepancy i n  pressure d i s t r i b u t i o n .  
d i s t r ibu t ions  predicted by F e r r i ' s  theory a t  a = 14' and a = 20' 
account f o r  the  progressively poorer absolute agreement of t he  theo re t i -  
c a l  and experimental Cn. The discrepancies i n  pressure d i s t r i b u t i o n  
obtained at 

Comparison with f i g -  

The pressure 

a = 6.7O by the  Stone-Kopal theory prove t o  be 

c 
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compensatory so t h a t  i n t eg ra t ed  r e s u l t s  are i n  exce l len t  agreement with 
experimental results. Since t h i s  f i r s t - o r d e r  theory p red ic t s  a l i n e a r  
va r i a t ion  w i t h  angle of a t t ack  of the  normal force  encountered by a 
cone, the  exce l len t  r e s u l t s  obtained a t  the  low angle of a t t a c k  where 
the  theory i s  appl icable  can be extended t o  t h e  higher angles with good 
results which ve r i fy  the  f i r s t -o rde r  l i n e a r i t y .  As shown i n  f igure  9,  
Grimminger's hypersonic approximation neglect ing cen t r i fuga l  force 
e f f e c t s  a l s o  shows exce l len t  agreement with experiment when applied t o  
t h e  conica l  nose. 

A t  
hypersonic approximation neglecting cen t r i fuga l  forces  extended t o  the  
cyl inder  are i n  good agreement with each o ther  and only s l i g h t l y  higher  
than the  experimental r e s u l t s .  The inclusion of the  e f f e c t s  of cen t r i -  
fuga l  forces ,  which decreases t h e  normal force  by 10 percent ,  br ings 
theory and experiment i n t o  almost per fec t  agreement; however, at 
a = 14O, F e r r i ' s  cone theory extended agrees w e l l  with experiment 
whereas Grimminger's hypersonic approximation, even with cen t r i fuga l  
e f f e c t s  included, overestimates the normal forces .  Comparison with t h e  
pressure d i s t r ibu t ions  i n  figures 6(b) and 6(c) d i sc loses  t h a t  t he  major 
por t ion  of t h i s  discrepancy between the  Grimminger theory and experiment 
i s  a r e s u l t  of the theory 's  overestimating the  pressures  on the bottom 
of t h e  cyl inder .  

a = 6.7', t he  results of F e r r i ' s  theory and Grimminger's 

L i f t ,  drag, and l i f t - d r a g  r a t io s . -  I n  t h e  t h e o r e t i c a l  ca lcu la t ion  
of t he  aerodynamic force coef f ic ien ts ,  a base pressure of one-half t he  
stream pressure was used i n  a l l  cases. 
pressure d i s t r i b u t i o n s  shown i n  figures 7 and 8 led t o  the  se lec t ion  of 
t h i s  value f o r  use i n  t h e o r e t i c a l  calculat ions.)  
forces  contr ibuted by t h e  base pressures on t h e  ove r -a l l  aerodynamic 
c h a r a c t e r i s t i c s  of the configurations i s  negl ig ib ly  s m a l l  except i n  t h e  
case of  t h e  drag coe f f i c i en t  a t  very low angles of a t tack ,  where the  
fo rce  on the  base i s  about 5 percent of t h e  t o t a l  CD. Therefore, a 
more d e t a i l e d  inves t iga t ion  of base pressures  w a s  no t  considered 
necessary f o r  t he  purposes of  t h e  present  paper. 

(Consideration of t h e  base- 

The e f f e c t  of  the  

The aerodynamic coe f f i c i en t s  based on Grimminger's hypersonic 
approximation including cent r i fuga l  forces  have not  been included i n  
figures 10 t o  13. The cent r i fuga l  forces  decrease the  normal forces  
encountered on t h e  cy l ind r i ca l  afterbody by 10 percent,  thereby 
decreasing the t o t a l  normal fo rce  by about 5 percent  f o r  the longest  
cone-cylinder configuration at angles of a t t a c k  g rea t e r  than about 15'. 
This  r e s u l t s  i n  a decrease i n  both CL and CD; however, f o r  angles of 
a t t a c k  below loo, t h i s  decrease i n  ove r -a l l  coe f f i c i en t s  i s  negl ig ib le .  

The va r i a t ion  with angle of a t tack of the  aerodynamic character-  
i s t ics  of t he  20' cone, determined experimentally by both pressure and 
fo rce  tests, i s  presented i n  f igure 10. (Pressure d i s t r ibu t ions  on the  
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conica l  nose as  obtained i n  the  t es t  of t h e  cone-cylinder configuration 

with 4 = 4 
of the  cone alone.)  
applicable,  t h a t  i s ,  up t o  about a = loo, F e r r i ' s  theory is  i n  good 
agreement with t h e  experimental drag c o e f f i c i e n t  CD although it i s  
somewhat low with respec t  t o  t h e  experimental l i f t  c o e f f i c i e n t  
consequently, with respec t  t o  the  l i f t - d r a g  r a t i o  
hand, Grimminger's theory neglecting c e n t r i f u g a l  fo rces  i s  i n  exce l l en t  
agreement with experimental CD 
low a t  the  smaller angles; however, it overestimates CL throughout 
t he  e n t i r e  range, r e s u l t i n g  i n  l i f t - d r a g  r a t i o s  which are high. The 
CD 
of a t t a c k  beyond 4' and, although not shown here,  t h e  Stone-Kopal 
i s  almost coincident with t h e  Grimminger values f o r  angles of a t t a c k  up 

were used i n  determining t h e  aerodynamic c h a r a c t e r i s t i c s  
d 

Through the  angle-of-attack range f o r  which it i s  

CL and, 
L/D. On t h e  o the r  

a t  hi& angles ef a t t a c k  and s l i g h t l y  

value obtained from the  Stone-Kopal theory i s  s l i g h t l y  low a t  angles 
CL 

t o  loo. 

Figure 11 presents  the  v a r i a t i o n  with angle of a t t a c k  of t he  
2 aerodynamic c h a r a c t e r i s t i c s  of t h e  20' cone-cylinder f o r  which - = 2. d 

Again, F e r r i ' s  theory p lus  i t s  extension t o  t h e  c y l i n d r i c a l  surface i s  
i n  exce l len t  agreement with experiment up t o  about 
hypersonic approximation agrees s a t i s f a c t o r i l y  with experimental 
a t  the  higher angles of a t t a c k  though it i s  s l i g h t l y  low a t  the  lower 
angles.  A s  i n  t h e  case of t h e  cone alone, t h e  Grimminger approximation 
Overestimates CL a t  the  higher angles.  

a = 10'. Grimminger's 
CD 

Figure 12 shows the  v a r i a t i o n  with angle of a t t a c k  of  t h e  aero- 
2 - = 4. 
d dynamic c h a r a c t e r i s t i c s  of t h e  20' cone-cylinder f o r  which 

t h i s  configuration, both theo r i e s  compare with experiment i n  much the  

same manner as f o r  t h e  

F e r r i ' s  theory p lus  i t s  extension to the  c y l i n d r i c a l  surface s l i g h t l y  
overestimates CL a t  t h e  low angles of a t t ack ,  r e s u l t i n g  i n  l i f t - d r a g  
r a t i o s  which are too l a rge  i n  t h i s  range. 

For 

2 = 2 
d 

configuration except t h a t ,  i n  t h i s  case, 

Comparison of t h e  th ree  configurations.-  I n  f i g u r e  13, t he  experi-  
mentally determined aerodynamic c h a r a c t e r i s t i c s  of t he  th ree  configura- 
t i o n s  have been presented i n  a manner t h a t  f a c i l i t a t e s  t h e i r  mutual com- 
par i son .  F i g u r e  l 3 ( a )  shows t h a t  t he  CL curve f o r  t he  cone without 
afterbody i s  e s s e n t i a l l y  l i n e a r  with angle of a t t a c k  b u t  has a s l i g h t  
bend downward; t h e  addi t ion  of t he  c y l i n d r i c a l  afterbody s i g n i f i c a n t l y  
increases  the  l i f t  and, i n  addi t ion ,  produces lift curves with a s l i g h t l y  
upward curvature. This curvature appears most d i s t i n c t l y  a t  high angles 
of a t t a c k  and increases with increasing cy l indr ica l -a f te rbody length.  
The drag coe f f i c i en t s  and l i f t - d r a g  r a t i o s  are shown i n  f igu re  l 3 ( b ) .  
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The increment between the  r e s u l t s  f o r  the cone and the  cone-cylinder 
configurat ions represents  t he  drag due t o  the  addi t ion  of t h e  cy l indr i -  
ca l  a f te rbodies .  The agreement between t h e  fo rce  and pressure  data 
f o r  a given configuration d isc loses  no s i g n i f i c a n t  discrepancies ,  ind i -  
ca t ing  t h a t  t he  viscous forces  a r e  very s m a l l  i n  comparison with the  
pressure forces  on a l l  th ree  configurations.  T h i s  i s  f u r t h e r  emphasized 
by the  f a c t  t h a t  the  minimm drags (a t  a = 0') f o r  the  th ree  configura- 
t i o n s  were not  measurably d i f f e r e n t .  The p l o t  of t h e  l i f t - d r a g  r a t i o s  
shows t h a t  a s ign i f i can t  increase i n  L/D can be obtained by adding a 
cy l ind r i ca l  afterbody t o  a cone. The L/D curves f o r  a l l  t h ree  c m -  
f igu ra t ions  have near ly  f l a t  maximums, and while (L/D),, va r i e s  from 

about 1.8 f o r  t he  cone alone t o  2.4 f o r  the cone-cylinder configurat ion 

with = 4, t he  angle of  a t t a c k  a t  which (L/D),, occurs remains 

e s s e n t i a l l y  constant a t  about a = 10 . The l i m i t i n g  L/D curve shown 
i n  f igu re  13(b) i s  equivalent  t o  the  l i f t -d rag  r a t i o  t h a t  i s  obtained 
as 2/d approaches i n f i n i t y  f o r  any cone-cylinder configurat ion i f  
viscous forces  are no t  included. 

0 
d 

I n  f igu re  l3 (  c)  , t he  pitching-moment coe f f i c i en t s  and t h e  loca t ion  
of t he  centers  of pressure of t h e  three configurat ions as determined 
experimentally are presented as a function of angle of a t t ack .  As t he  
cyl indrical-af terbody length i s  increased, t he  cen te r  of pressure  moves 
forward. For a given cone-cylinder configuration, t he  center  of pres-  
sure moves s l i g h t l y  rearward with increasing angle of a t t ack .  

A comparison of t h e o r e t i c a l  with experimental r e s u l t s  f o r  p i tch ing  
moment an5 center  of pressure can best be obtained by again u t i l i z i n g  
f igu re  9, s ince  merely adding theo re t i ca l  curves t o  f igu re  13(c)  would 
only tend t o  obscure the  r e s u l t s .  I n  the  case of  t h e  cone, t he  center  
of  pressure f o r  a l l  t he  theo r i e s ,  as would be expected, agrees wi th  
t h a t  determined experimentally; however, t he  pitching-moment coe f f i c i en t s  
are no t  pred ic ted  as w e l l  because i n  the case of t h e  cone alone these  
depend on the  accuracy of  t h e  predict ion of t he  normal-force coef f i -  
c i e n t .  An examination of f igu re  9 shows t h a t  t h i s  coe f f i c i en t  for t h e  
conica l  nose i s  given b e s t  by t h e  Stone-Kopal theory and the  Grimminger 
hypersonic approximation and with l e s s  accuracy by F e r r i  's theory.  When 
t h e  a f te rbodies  are included, a comparison with the  r e s u l t s  produced by 
a Prandtl-Meyer expansion a t  t h e  cone-cylinder juncture  and an inva r i an t  
axial  pressure has been resor ted  t o  as  shown by f igu re  9 .  
body length of 4 diameters, which i s  the worst  case of t h e  t e s t  bodies 
f o r  t h i s  assumption, none of the  theories  p red ic t s  cen ters  of  pressure 
which are more than about 2 percent  of t he  body length from the  experi-  
mental r e s u l t s  (us ing  F e r r i ' s  theory up t o  14' on ly ) .  
t i o n  of moment coe f f i c i en t ,  F e r r i ' s  theory and Grimminger's hypersonic 
approximation with cen t r i fuga l  forces  give b e t t e r  r e s u l t s  than 
Grimminger's hypersonic approximation without cen t r i fuga l  forces ;  

With an a f te r -  

I n  t h e  predic-  
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however, even t h e  theo r i e s  i n  b e s t  agreement are 10 percent i n  e r r o r  
a t  a = 14'. 

The e f f e c t  on the  minimum drag of varying t h e  apex angle.- Fig- 
ure 14  shows the  r e s u l t s  of t h e  tests of t he  second series of configura- 
t i o n s  which cons is ted  of conica l  noses with apex angles varying from 10 
t o  180' and with i d e n t i c a l  c y l i n d r i c a l  a f t e rbod ies  of 4 diameters length.  
These configurations were t e s t e d  only i n  t h e  zero l i f t  ( a  = 0') a t t i t u d e .  
The t h e o r e t i c a l  drag curve presented i n  t h i s  f i g u r e  w a s  determined by 
using the  Taylor-Maccoll so lu t ion  on the  surface of t h e  cone and 
assuming the base pressure equal t o  the  free-stream pressure,  Because 
of t h e  small fo rces  encountered on the  8 = loo and 8 = 20" con- 
f igu ra t ions ,  it w a s  poss ib le  t o  use a more s e n s i t i v e  fo rce  balance and 
thereby obta in  more accurate force  measurements f o r  these  two bodies i n  
comparison with t h e  balance used and measurements made on the  remaining 
bodies. 
f o r  the configuration with 6' = 20') i s  included and when viscous 
e f f e c t s  estimated from laminar-boundary-layer considerations are 
introduced, t h e o r e t i c a l  ca l cu la t ions  and experimental measurements f o r  
the  two low-angle bodies are brought i n t o  near ly  exac t  agreement. 
t he  higher cone angles,  s a t i s f a c t o r y  agreement w a s  obtained with the  
r e s u l t s  from Taylor-Maccoll cone theory which a t  t h i s  Mach number i s  
applicable up t o  about 6' = 100'. The r e s u l t s  of t h e  blunt-body tes t  
( 8  = 180') i nd ica t e  t h a t  the  average pressure  on t h e  f ace  of t h e  body 
w a s  s l i g h t l y  higher than the  s t a t i c  pressure  behind a normal shock 
a t  M = 6.86. 
decrease from t h e  stagnation pressure  behind a normal shock a t  t h e  
center  t o  some value considerably lower a t  the  periphery. Furthermore, 
some curvature of t he  shock w a s  p resent  j u s t  ahead of t h e  periphery, 
r e su l t i ng  i n  a reduced pressure  drag. 

0 

When a base-pressure r a t i o  of 0.75 ( t h e  value a c t u a l l y  measured 

A t  

The a c t u a l  pressure d i s t r i b u t i o n  on t h e  face  must 

Schlieren Photographs 

I n  f i g u r e  15, sch l i e ren  photographs of t he  20' cone and cone- 
cylinder configurations a t  seve ra l  angles of a t t a c k  a r e  shown. 
lower surface of t h e  conical shock appears s t rong  and c l e a r l y  defined, 
as expected. 
most of t h e  photographs s ince  i t s  s t r eng th  i s  approaching t h a t  of a 
Mach wave. 
a t t ack ,  t h e  lower surface of t h e  shock becomes nea r ly  p a r a l l e l  t o  t he  
body axis. 

The 

The upper surface of t he  shock i s  r a t h e r  i n d i s t i n c t  i n  

For those configurations with a f t e rbod ies  a t  high angles of 

Schlieren photographs of cone-cylinder configurations with progres- 
1 s i v e l y  increas ing  cone angles and c y l i n d r i c a l  a f t e rbod ies  with - = 4 
d 

are shown f o r  a = 0 i n  f i g u r e  16. This series of p i c t u r e s  i l l u s t r a t e s  
t he  influence of t h e  expansion which occurs a t  t h e  cone-cylinder 
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. 
junction on the  shock which or ig ina tes  a t  t h e  cone apex. The poin t  a t  
which influence i s  f e l t  can be iden t i f i ed  a s  t he  pos i t ion  a t  which the  
uninfluenced s t r a i g h t  conical  shock begins t o  curve. This point  moves 
from a pos i t ion  beyond the  f i e l d  o f  view i n  the  case of t o  a 
pos i t ion  j u s t  downstream from the  junction i n  the  case of 
For 8 = 180°, t he  shock detaches and assumes the  shape of a very f l a t  
paraboloid. Since the  nose of t h i s  detached paraboloidal shock i s  
normal t o  the  free stream, subsonic flow must e x i s t  behind it. 

8 = 10' 
8 = 90'. 

CONCLUSIONS 

Analysis of experimental data  obtained from the  wind-tunnel tes ts  
of cone-cylinder configurations a t  
of 29O,OOO based on t h e  m a x i m u m  diameter leads t o  the  following 
conclusions : 

M = 6.86 and a Reynolds number 

1. Pressure d i s t r ibu t ions  on cone-cylinder configurations i n  
a x i a l l y  symmetric flow can be predicted with a high degree of accuracy 
by employing the  Taylor-Maccoll cone solut ion and extending it over the  
cylinder by the  method of  cha rac t e r i s t i c s  f o r  three-dimensional ro ta -  
t i o n a l  flow; however, a t  the cone-cylinder junction, boundary-layer 
e f f e c t s  a l t e r  t h e  nature of the expansion so t h a t  ins tead  of occurring 

instantaneously" as theo re t i ca l ly  calculated,  t h e  flow undergoes a 
gradual expansion over a f i n i t e  distance.  
I t  

2. F e r r i ' s  theory f o r  flow about inc l ined  cones (NACA TN 2236) 
can be used t o  determine pressure d i s t r ibu t ions  with very good r e s u l t s  
a t  small angles of a t tack .  Even when the  angle of a t t ack  can no longer 
be considered small within the  first-order approximation, t he  r e s u l t s  
a r e  s t i l l  qui te  s a t i s f ac to ry ,  indicat ing t h a t  second-order e f f e c t s  
remain s m a l l  a t  moderate angles of a t tack  (up t o  about a = 15'). 

3. Although r e s u l t s  of the  Stone-Kopal f i r s t - o r d e r  theory a r e  
known t o  be i n  e r r o r ,  t he  discrepancies are compensatory with respec t  
t o  the normal force,  and the  i n i t i a l  slope of the  l i f t  curve i s  
s a t i s f a c t o r i l y  predicted.  

4. The hypersonic approximation o f  Grimminger, W i l l i a m s ,  and 
Young neglect ing cen t r i fuga l  forces  s a t i s f a c t o r i l y  p red ic t s  pressure 
d i s t r ibu t ions  on cones throughout the angle-of-attack range over t h e  
windward s ide.  

5. When t h e  pressure d is t r ibu t ion  on the  conical  nose a t  a given 
angle of a t t ack  i s  known, a good approximation t o  the  pressure d i s t r i -  
bution on the  cy l ind r i ca l  afterbody can be made by considering a simple 
Prandtl-Meyer expansion of t he  flow around the  corner formed by the  
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cone-cylinder junction, s ince  a t  very high Mach numbers the  pressures  
on t h e  cy l ind r i ca l  afterbody vary slowly with respec t  t o  a x i a l  s t a t ion .  

6. The hypersonic approximation of Grimminger, W i l l i a m s ,  and Young 
with modifications can be used t o  p red ic t  pressure d i s t r i b u t i o n s  on 
t h e  windward s ide  of the  cy l ind r i ca l  afterbody; however, t he re  i s  a 
decided tendency t o  overestimate the  pressure  on t h e  lower surface.  

7. The addi t ion  of t h e  c y l i n d r i c a l  af terbody t o  t h e  conica l  nose 
r e s u l t s  i n  a considerable increase i n  the  l i f t - d r a g  r a t i o  of the  
configaEit icn.  

8. The theory of Grimminger, W i l l i a m s ,  and Young s a t i s f a c t o r i l y  
p red ic t s  t h e  drag coe f f i c i en t s  f o r  a l l  configurat ions tested throughout 
t h e  angle-of-attack range; however, it s l i g h t l y  overestimates the  lift 
coe f f i c i en t s  and, consequently, t he  l i f t - d r a g  r a t i o s .  

Langley Aeronautical  Laboratory 
National Advisory Committee f o r  Aeronautics 

Langley F ie ld ,  V a .  
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Figure 1.- Force models with apex angle of 20' and afterbody lengths 
of 4, 2, and 0 diameters. 
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Figure 4.- Axial v a r i a t i o n  of the r a t i o  of surface t o  stream pressure for 

M = 6.86. 2 - = 4 
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the 20' cone cylinder with a t  zero angle of attack. 
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Radial position, f3 , deg 

Figure 7.- Radial  va r i a t ion  of the  r a t i o  of base t o  stream pressure 

the  20' cone cylinder w i t h  
1 - = 4. 
d 

M = 6.86. 

f o r  

Angle of attack, 01 , deg 

Figure 8.- Variat ion with angle of a t tack of  t he  r a t i o  of average r a d i a l  

base pressure t o  stream pressure for the  20' cone cyl inder  with 

M = 6.86. 
2. = 4. 
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Axial station, z / l ,  

F i w e  9.- Axial variation of the local normal-force coefficient of the 

20° cone cylinder with - = 4. M = 6.86. 2 
a 
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Figure 11.- Variation with angle of a t t a c k  of the  aerodynamic 

cha rac t e r i s t i c s  of the  20' cone cyl inder  with - 2 = 2. M = 6.86. 
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(a) Lift coefficient. 

Figure 13.- Comparison of the aerodynamic characteristics of three 20' cone- 
cylinder configurations having afterbody length-to-diameter ratios of 0, 
2, and 4. M = 6.86. 
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(b) Drag coef f ic ien t  and l i f t - d r a g  r a t i o .  

Figure 13. - Continued. 
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Figure 13. - Concluded. 
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Figure 14.- Variat ion with cone apex angle of t he  minimum drag coe f f i c i en t  

of t he  cone-cylinder configurations having - 2 = 4. M = 6.86. 
d 
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Figure 15.- Schlieren photographs of the cone and cone-cylinder 
configurations. M = 6.86. L-70804 
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Figure 16. - Schlieren photographs of cone-cylinder configurations with 

varying apex angles and ident ical  cy l indr ica l  af terbodies  with 

M = 6.86. 
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